The steady-state level and synthesis of a pair of polypeptides of Mr 33,000 and 35,000 in chicken embryo fibroblasts (CEF) transformed by Rous sarcoma virus (RSV) are significantly decreased relative to normal CEF; however, the decrease is more pronounced in the case of the Mr 35,000 polypeptide. These polypeptides have been identified as the aand .8 subunits ofCEF tropomyosin by selective staining with tropomyosin antibody, two-dimensional gel electrophoresis, partial peptide analysis, and solubility properties. The decrease in tropomyosin is shown to be a transformation-specific phenomenon in that it does not occur after infection with a virus deleted in src sequences. Decreased synthesis of tropomyosin is also observed in quail cells transformed by MC29 (a retrovirus with a different onc gene than that in RSV) and also in chemically transformed quail cells. The decrease in tropomyosin is probably not a direct result of the disruption of the microfilament system in transformed cells because disruption of the microfilament system with trypsin or cytochalasin B in normal CEF does not lead to a decrease in tropomyosin synthesis. A decrease in tropomyosin in CEF after transformation may be a result of a pleiotropic effect that results in the transcriptional inactivation not only of the tropomyosin gene but also of the fibronectin and procollagen genes described by others.
.8 subunits ofCEF tropomyosin by selective staining with tropomyosin antibody, two-dimensional gel electrophoresis, partial peptide analysis, and solubility properties. The decrease in tropomyosin is shown to be a transformation-specific phenomenon in that it does not occur after infection with a virus deleted in src sequences. Decreased synthesis of tropomyosin is also observed in quail cells transformed by MC29 (a retrovirus with a different onc gene than that in RSV) and also in chemically transformed quail cells. The decrease in tropomyosin is probably not a direct result of the disruption of the microfilament system in transformed cells because disruption of the microfilament system with trypsin or cytochalasin B in normal CEF does not lead to a decrease in tropomyosin synthesis. A decrease in tropomyosin in CEF after transformation may be a result of a pleiotropic effect that results in the transcriptional inactivation not only of the tropomyosin gene but also of the fibronectin and procollagen genes described by others.
Malignant transformation of cells is characterized by cellular changes in (i) growth and hexose transport, (ii) adhesiveness and motility, and (iii) shape and organization of the cytoskeleton (1) (2) (3) . Recently, cases have been reported that show changes in genomic transcription after malignant transformation. Transformation ofchicken embryo fibroblasts (CEF) by Rous sarcoma virus (RSV) leads to an activation of embryonic globin genes (4) and to an overall increase in genomic transcription corresponding to 1000 new transcription units (5) . Furthermore, RSV-transformed CEF synthesize less collagen and fibronectin than do normal CEF, and this effect is due to a lower rate of transcription of these genes in transformed CEF (6) (7) (8) (9) (10) .
There long has been an interest in examining normal and transformed cells for differences in the form or level of cytoskeletal proteins because transformed cells almost always show morphological differences from normal cells, and they are known to have an altered cytoskeleton (3) . In this report we show that the steady-state level and the synthesis of tropomyosin, especially the (&subunit, are considerably lower in RSVtransformed CEF than in normal CEF. The decrease in tropomyosin synthesis may play a role in the disruption ofthe cellular cytoskeleton after transformation.
MATERIALS AND METHODS Cells and Viruses. CEF were dissected from the region of the developing breast muscle of 11-day-old virus-free chicken embryos (H and N Farms, Redmond, WA) and grown as described (4). In some cases, primary fibroblast cultures were prepared from the whole embryo minus the head and feet. (All fibroblast cultures, regardless of origin, proved to be identical for the purposes of this investigation.) Tertiary cultures were infected with the Prague strain C of RSV and the transformation-defective Prague strain of RSV (td RSV) as described (4 Then the cells were extracted. For experiments involving trypsin treatment prior to labeling, cells were treated with 0.05% trypsin for 5 min as described (12) and maintained as round cells by gentle gyration at 37C in a sterile plastic tube for 7 hr prior to the addition of [3S]methionine. In experiments involving cytochalasin B, cells were incubated with cytochalasin B at a concentration of 2 AM as described (13) for 2 hr prior to the addition of [3S]methionine. The same concentration of cytochalasin B was maintained during the labeling period.
Gel Electrophoresis. Slab gel electrophoresis was conducted with a minigel apparatus (8 x 10 cm plates; Idea Scientific, (Corvallis, OR) as described (14) . NaDodSO4 gel electrophoAbbreviations: CEF, chicken embryo fibroblasts; RSV, Rous sarcoma virus; td RSV, transformation-defective Prague strain ofRSV; rTM, rabbit skeletal muscle tropomyosin; NP-40, Nonidet P-40; P1/NaCl, phosphate-buffered saline.
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Samples for NaDodSO4 gels were suspended in 0.05 M Tris-HCl, pH 6.8/1% NaDodSO41% 2-mercaptoethanol/10%
(vol/vol) glycerol and were briefly heated to 100C before applying to gels. Samples for acid/urea gels were suspended in 8 M urea/6% (vol/vol) glacial acetic acid/0.002% 2-mercaptoethanol/2 mg of protamine sulfate per ml and were briefly heated to 370C before applying to gels. Minigels were run at 130 V for 2-3 hr. After electrophoresis, the gels were fixed and stained for protein for 20 min in 50% (vol/vol) methanol/10% glacial acetic acid/0.25% Coomassie brilliant blue R, destained in 10% methanol/10% acetic acid, and then, in the case of labeled samples, treated for fluorography with EN3HANCE (New England Nuclear). After being dried, the gels were exposed to Kodak XR-5 x-ray film at -700C. Gels and x-ray films were scanned with a Zeineh soft laser scanning densitometer. Gel Blotting and Antibody Labeling of Proteins. Proteins were transferred from polyacrylamide gels to nitrocellulose by diffusion as described (18) . Two nitrocellulose replicas of each gel were made, one ofwhich was stained with 0.1% aniline blue black/10% acetic acid/43% methanol, and the other was used for antibody labeling. Antibody prepared to tropomyosin from the smooth muscle of chicken gizzard was a gift from J. Croop and H. Holtzer. Authentic rabbit skeletal muscle tropomyosin (rTM) was a gift from E. Fischer. The procedure used for antibody labeling of the filter was a modification of that described by others (19, 20) . The nitrocellulose replicas were placed into phosphate-buffered saline (PJNaCl; 10 mM Na phosphate, pH 7.4/0.1 M NaCl) containing 5% (vol/vol) bovine serum albumin for 2 hr at 370C. Filters were then rinsed in PJNaCl and incubated overnight at 4°C in PJNaCV5% albumin containing antiserum diluted 1:100. To remove unreacted antibody, filters were washed once at room temperature in PJNaCl for 10 min and twice in PJNaCV0.05% NP-40, followed by a brief rinse with PJNaCl again. Filters were then placed into PJNaCV5% albumin containing "2I-labeled Staphylococcus aureus protein A (105 cpm/ml; provided by C. Kane) for 4 hr at 4°C. Unbound "2I-labeled protein A was washed free of the filters by washing first in PJNaCl, then in PJNaCV0.05% NP-40, and finally in PJNaCl again. Filters were blotted dry on Whatman 3MM paper, covered with Saran Wrap, and autoradiographed at -70°C using Kodak XR-5 x-ray film with an intensifying screen.
RESULTS AND DISCUSSION Decrease in Tropomyosin in RSV-Transformed CEF. When CEF grown in culture are extracted with nonionic detergents such as NP40 or Triton X-100, the insoluble material that remains include nuclei and the cellular cytoskeleton (21) (22) (23) . When this insoluble residue was extracted with 5 mM EDTA (pH 7), the major proteins that were solubilized (Fig. 1C ) included a protein of Mr 45,000, identified as actin by comigration with authentic actin in NaDodSO4 gels (data not shown), and two polypeptides of Mrs 33,000 and 35,000, putatively identified as CEF tropomyosin.
The Mr 33,000 and 35,000 putative tropomyosin subunits were more readily visualized if the 5 mM EDTA cytoskeletal extracts of normal CEF and CEF transformed by RSV were analyzed on a discontinuous acetic acid/urea gel system (16), which gave excellent resolution. In addition, because most of the extracted proteins migrated toward the anode under these conditions, the gels also gave a striking enrichment for tropomyosin, which migrated toward the cathode as demonstrated with rTM (not shown). Fig. 1A shows that there is a dramatic difference between the relative amounts oftropomyosin (indicated by arrows) in normal cells and in RSV-transformed cells. No reproducible differences were observed in the amount of actin extracted by this procedure or in the amount of actin in whole cell extracts.
Relative to overall protein content, the amount of the faster migrating tropomyosin subunit (a) from the transformed cells was reproducibly less than halfthe amount ofthe a subunit from the normal cells as determined by densitometry. More striking, however, is the observation that the slower migrating subunit ((3) was virtually absent in the transformed cells-only trace amounts being detectable by staining. The relative difference in the amount of tropomyosin subunits between normal and RSV-transformed cells was reflected also in the protein pattern on NaDodSO4 gels (Fig. 1C) . Two-dimensional gels (acid/urea in the first dimension and NaDodSO4 in the second) indicated that the a and (3 bands of the acid/urea gels correspond to the a and / tropomyosin bands as identified on the NaDodSO4 gels (not shown). In Fig. 1A , the overall protein patterns, excluding the two tropomyosin bands, ofthe normal CEF and RSV-transformed CEF extracts appear very similar. This tends to argue against cell-type specific proteolysis contributing to the loss of tropomyosin in the RSV-transformed cells. Also in support of this argument is the finding that when RSV-transformed CEF and normal CEF were mixed prior to lysis and extraction, the ratio of the intensities of the P and a subunits in the mixture was exactly what was expected by the simple addition of the band intensities in the separate extracts (not shown).
It is possible that the amount of tropomyosin in the RSVtransformed cells is equal to that in normal cells, but tropomyosin is not quantitatively extracted with 5 mM EDTA. However, analysis of all cellular fractions, generated during the preparation of the EDTA extract, showed this not to be the case (not shown). In support ofthis conclusion, when whole cells (normal and RSV-transformed CEF) were dispersed in acetic acid/urea sample buffer and equal amounts of material were analyzed on an acetic acid/urea gel (Fig. 1B) , again it was clear-at least in the case of the more easily resolved (3 (24, 25) . a-Tropomyosin is not easily resolvedfrom contaminating proteins by Coomasie blue staining of the NaDodSO4 gel shown in C (see Fig. 4 ).
Proc. Nad Acad. Sci. USA 78 (1981) Proc. Nati Acad. Sci. USA 78 (1981) 5635 blue staining) between normal CEF and RSV-transformed CEF may be a result of different levels of synthesis or, alternatively, different turnover rates. To examine these alternatives, cells were pulse-labeled with [fS]methionine and whole cell extracts and EDTA extracts of the NP-40-insoluble preparations were analyzed on acetic acid/urea gels. Fig. 2 shows autoradiograms of acid/urea gels containing labeled EDTA extracts and labeled whole cell extracts of normal. and RSV-transformed CEF. Fig. 25 is the autoradiogram ofthe Fig. JA stained gel, and Fig. 2D is the autoradiogram ofthe Fig.  1B stained gel. The stained gels of Fig. 1 A and B show that the overall amount of protein in both the normal and RSV-transformed CEF sanples was about equal; therefore, the differences in band intensities between the normal and RSV-transformed CEF samples in the autoradiograms of Fig. 2 cannot be accounted for by differences in loading. The autoradiogram of the gel shown in Fig. 1A (i.e., Fig. 2B ) shows that during a 15-min pulse-labeling, the overall synthesis ofthe a and ,8 subunits of tropomyosin was much lower in transformed cells than in normal cells. Also, 8 synthesis was considerably less than a synthesis in transformed cells-in agreement with the stained pattern. When cells were labeled for only 3 min ( Fig. 2A) , again it appeared that the level of synthesis of tropomyosin was considerably less in the transformed cells. The decrease in -tropomyosin synthesis also could be seen in whole cell extracts after a 3-min pulse (Fig. 2D) . (Because ofcomigrating proteins, it was difficult to resolve the a-subunit in whole cell extracts.) Therefore, it is unlikely that degradation of tropomyosin after synthesis in transformed cells can account for the reduced levels of the protein present in these cells, but rather most of the decrease in levels oftropomyosin in RSV-transformed CEF probably results from a decrease in the rate oftropomyosin synthesis.
The tropomyosin pattern of CEF infected with td RSV was also examined. This virus replicates normally in CEF, but because of a deletion in the src gene, transformation does not occur. The synthesis pattern in Fig. 2C shows that the relative amount ofeach tropomyosin subunit synthesized in td RSV cells was virtually identical to that in the normal cells. This suggests that the decrease in the relative amount oftropomyosin in RSVtransformed CEF is a phenomenon resulting from the transformation of the cell and not from viral infection per se. The tropomyosin content of chemically transformed quail cells (QT35) was also considerably lower than that of normal quail cells, lending further support to the beliefthat this phenomenon is due to a transformation-specific effect. (Fig. IC) . Because the NP-40-insoluble material is known to be enriched in cytoskeletal components (21, 22) , this observation together with their sizes, quantity, and solubility properties suggested that these two polypeptides (a and /3) could be the a and / subunits of tropomyosin. This hypothesis was tested directly by using antiserum prepared against chicken gizzard tropomyosin (provided by J. Croop) to label protein transferred to nitrocellulose from acrylamide gels (18) . Fig. 3 shows a NaDodSO4 gel of whole cells and an acid/urea gel of EDTA-extracted NP-40 lysates stained with Coomassie blue. The figure also shows the corresponding autoradiograms after staining with the tropomyosin antiserum and labeling with '"Ilabeled S. aureus protein A. The specificity of the rabbit antiserum obtained against chicken gizzard tropomyosin has been tested by double immunodiffusion and was found to crossreact with preparations of chicken skeletal muscle tropomyosin, chicken fibroblast tropomyosin, and rTM (J. Croop, personal communication). The autoradiogram ofthe NaDodSO4 (Fig. 3A) verifies that the tropomyosin antiserum crossreacted quite well with rTM, which migrate somewhat more slowly than did chicken tropomyosin (27) . The reaction was more intense with the /-subunit of rTM as seen by comparison with the stained gel. A similar preference for the /-subunit was also seen with chicken tropomyosin. In the NaDodSO4 gel (Fig. 3A) many proteins were apparent after Coomassie blue staining; however, the antiserum to tropomyosin selectively reacted with the two polypeptides (indicated by arrows) that migrated as did the a and (3 proteins previously shown to be decreased in RSV-transformed cells. The reaction of the antibody with these proteins from RSV-transformed cells was greatly decreased. Several crossreacting proteins, migrating slower than tropomyosin, were also stained by the antibody under these denaturing conditions. The amount of these proteins also appeared to be decreased in RSV-transformed cells. A comparison of the Coomassie blue-stained acid/urea gel with its corresponding autoradiogram (Fig. 3B) shows that the tropomyosin antiserum reacted quite strongly with the two polypeptides (indicated by arrows) described in the preceding sections. Here, again, the reaction was much stronger with the larger ((3) subunit. Duplicate experiments with nonimmune serum (not shown) showed no reaction with these proteins.
The a and (3 polypeptides described here were characterized further by two-dimensional gel electrophoresis (fig. 4) . Normal CEF and RSV-transformed CEF were labeled with
[NS]methionine for 14 hr and extracted with EDTA. To half of the sample from normal CEF, 10 pug of unlabeled rTM was added as an internal marker (Fig. 4A) . Among the major proteins in the EDTA extract are actin and the putative CEF tropomyosin. The a-subunit ofrTM comigrated with the (3-subunit of the putative CEF tropomyosin (Fig. 4A) . This was also seen in the blot of the one-dimensional NaDodSO4 gel (Fig. 3) . The putative CEF tropomyosin (especially the (3-subunit) was considerably decreased in the RSV-transformed CEF (Fig. 4C) . Most important, the a and (3CEF polypeptides showed essentially the same relative isoelectric point as did rTM, and their migration relative to actin on two-dimensional gels was similar to that reported by others for tropomyosin from chicken muscle cells (28) . The two polypeptides, migrating slightly faster than the CEF a and X polypeptides, seemed to be unrelated to the a and (3 proteins for the following reasons: they appeared not to be decreased in RSV-transformed CEF (Fig. 4C) ; they seemed to be methionine-poor after steady-state labeling as compared to the a and polypeptides (see autoradiograms); and A B Isotachophoresis they were not labeled with tropomyosin antibody (Fig. 3) . Thus, by their solubility properties; mobilities on acid/urea gels, NaDodSO4 gels, and two-dimensional gels; and by their reaction with tropomyosin antibody, we conclude that the two proteins depleted in transformed cells are a and P tropomyosin.
Additional data from partial peptide analysis (29) (not shown) support this conclusion.
The NaDodSO4 gel blot (Fig. 3A) shows that in a whole cell extract solubilized by NaDodSO4, antibody-stained tropomyosin is significantly reduced in RSV-transformed CEF relative to td-RSV cells. The antibody reactions were performed in antibody excess (i.e., doubling the antibody concentration in the presence of excess "2I-labeled S. aureus protein A resulted in no increase in signal), and under protein concentrations such that doubling the amount of protein loaded onto the gels resulted in a doubling of the antibody signal. Therefore, the intensities of the bands on the blot provided a direct and roughly quantitative measurement of the amount of antigen present, given that each sample contained the same amount of protein.
The two tropomyosin subunits are also greatly reduced in chemically transformed quail cells (QT35) (Fig. 3A) . Normal quail cells (not shown) showed essentially the same relative amounts of tropomyosin as normal or td RSV chicken embryo fibroblasts. As seen here, the tropomyosin decrease observed in chemically transformed cells supports the previous results suggesting that the decrease in tropomyosin in CEF is a transformation-specific phenomenon. A similar decrease in tropomyosin was also observed in fibroblasts transformed by MC29 (Fig. 3A, lane c) , a virus that contains an onc gene that is different from the onc gene (i.e., src) of RSV (30) .
Mechanism ofTropomyosin Decrease. To gain some insight into the mechanism by which tropomyosin synthesis is decreased in RSV-transformed CEF, we asked if this decrease could simply be a result of or correlated-with the rounded ap- (Fig. 5) . Also, the relative ratio between the and a subunits did not differ significantly in the rounded-up cells from that in the untreated CEF. This result suggests that when CEF are transformed by RSV, there is not necessarily a causal relationship between the change in cellular shape and the observed decrease in the synthesis oftropomyosin.
The previous experiments suggest that the decrease in tropomyosin synthesis observed in RSV-transformed CEF is not a result of a "feedback" mechanism secondary to the disruption of the cytoskeleton after trypsin or cytochalasin B treatment. Such a mechanism has been demonstrated for tubulin synthesis after disruption ofmicrotubules by colchicine (32) . On 
